Introduction
Chronic pancreatitis is a progressive, inflammatory disease of the pancreas, which leads to inflammation and fibrosis, with the potential for exocrine and endocrine insufficiency. The prevalence of the disease is estimated to be 42 per 100,000 and rising (40, 105) . The pathogenesis of chronic pancreatitis is incompletely understood and complex, involving the interplay of environmental, metabolic, and genetic factors that modulate inflammatory and fibrotic pathways. Although alcohol is the leading cause of chronic pancreatitis, other toxic, hereditary, and obstructive insults can lead to disease with similar histologic and clinical manifestations. Studying the cellular mechanisms responsible for chronic pancreatitis is difficult in human subjects for a number of reasons, including the undefined natural history of the disease, lack of a reliable test for early chronic pancreatitis, and inaccessibility of human tissue. Therefore, animal models are essential to advancing our understanding of the pathophysiologic processes responsible for chronic pancreatitis.
Though chronic alcohol abuse is the leading cause of chronic pancreatitis, a number of other etiologies including toxins, obstructive lesions, and genetic disorders can cause chronic pancreatitis. There is no consensus as to how these diverse etiologic factors lead to a common histological endpoint. Theories of pathogenesis fall into two broad categories: those in which repeated episodes of acute pancreatitis lead to chronic pancreatitis and those in which an initiating injurious event is perpetuated and progresses to irreversible injury in the appropriate environment (Figure 1 ). Models of evolution to chronic pancreatitis.
In the traditional model of acute pancreatitis, repeated bouts of acute pancreatitis lead to fibrosis. An example of this model is the induction of chronic pancreatitis through repetitive cerulein injections. The Sentinal Acute Pancreatitis Event (SAPE) model proposes that an initiating event, like an episode of acute pancreatitis, activates the immune system allowing risk factors to drive a pro-fibrotic, antiinflammatory pathways that lead to chronic pancreatitis. Ethanol sensitizations models, such as the ethanol/LPS model conform to this hypothesis. Both models of pancreatitis can result in similar severity of final pancreatic injury.
A prominent model of the latter is the sentinel acute pancreatitis event (SAPE) hypothesis, which posits that a single episode of acute pancreatitis can progress to chronic pancreatitis in a conducive environment. If the sentinel episode is severe enough to attract monocytes and to activate stellate cells, fibrosis can develop in the presence of continued injurious stimuli (99) . Although some theories of injury focus on acinar cell injury, others focus on duct cells as initial target of damage (78, 104) . Finally, some hypothesize that that multiple different pathways can lead to chronic pancreatitis using different mechanisms. All models of chronic pancreatitis, except autoimmune models, share the same histologic endpoints (Figure 2 ) and can lead to similar severity of disease. These include some or all of the following features: chronic inflammation, stellate cell proliferation/activation, acinar cell dropout, ductal dilatation, intraductal calcifications, and nerve enlargement. Histopathologic features of chronic pancreatitis. Animal models of chronic pancreatitis share histological endpoints, including fibrosis, pancreatic duct abnormalities, and cellular changes.
Animal models can be classified according to the mechanism of disease and species used, though in some cases various mechanisms are combined to capture the multiple factors that lead to disease (Figure 3) . Although most animal models result in histopathologic disease, clinically relevant parameters listed in Table 1 , such as pain, exocrine and endocrine insufficiency, and predisposition to malignancy are frequently not addressed. This review summarizes the most widely used models of chronic pancreatitis, discusses their strengths and weaknesses, and highlights particularly clinically relevant aspects of various models. 
Chemical Models Cerulein pancreatitis
Various agents can be administered systemically or locally to produce chronic pancreatitis (Table  2) . Table 2 . Chemical models of chronic pancreatitis.
Repetitive administration of cerulein, sometimes in the presence of sensitizing agents, is the most commonly used model of chronic pancreatitis. Ethanol can be combined with cerulein or LPS to produce chronic pancreatitis.
Other toxic compounds can be administered systemically or by retrograde infusion into the pancreatic duct.
Treatment with supraphysiologic doses of the cholecystokinin (CCK) analogue, cerulein, is employed in a widely used animal model of acute pancreatitis. At low doses, cerulein provides physiologic stimulation to CCK receptors and enhances secretion from the acinar cell. However, animals treated with high dose cerulein (10-100 x physiologic doses; 20-50 μg/kg, intravenously or intraperitoneally) develop mild to moderate acute interstitial pancreatitis. The cerulein model of acute pancreatitis is characterized by aberrant zymogen activation in the acinar cell, inhibition of secretion, increased inflammation, and cellular damage. However, in this model of pancreatitis, there is recovery of exocrine pancreatic structure and function within 24 to 48 hours.
The cerulein model of chronic pancreatitis requires repeated cerulein injections over time and is the most commonly used, reproducible model of chronic pancreatitis. There are a number of protocols that vary in dose, interval, and duration of cerulein injections (23, 59, 106) . This model produces morphohistologic findings compatible with chronic pancreatitis in humans, including fibrosis, chronic inflammation, atrophy, transdifferentiation of acini into duct-like cells, and ductal dilatation, (59) as seen in Figure 4 . Interestingly, these findings can occur even in the absence of zymogen activation (77) . This model is widely used because of its reproducibility and technical ease in rodents, making it an attractive technique for use in transgenic mice. The cerulein model mirrors chronic pancreatitis in humans because it involves repetitive injurious stimulation, paralleling the progression from recurrent acute pancreatitis to chronic pancreatitis that occurs in some patients (43) . However, human pancreatitis is not associated with elevated levels of CCK. Furthermore, it remains controversial whether human acinar cells express CCK receptors, like rodent acinar cells (37, 58) . Therefore, the relevance of the cerulein model to human disease, with respect to CCK's role in human disease, can be questioned, though it may fully reflect other aspects of disease.
The cerulein model of chronic pancreatitis serves as the basis for studying the sensitizing effects of other agents.
Lipopolysaccharide (LPS), a bacterial endotoxin, is a particularly relevant agent because chronic alcohol consumption leads to increased gut permeability, predisposing to bacterial translocation and increased serum LPS levels (7) . LPS has been shown activate pancreatic stellate cells and stimulate inflammatory cytokines through activation of tolllike receptor 4 (TLR4) and nuclear factor κB (NFκB) (50) . The addition of LPS to the repeated cerulein injection model accelerates the progression of disease and worsens its severity, measured by acinar cell atrophy, fibrosis, and the development of tubular complexes (62) .
Cyclosporine A (CsA) has also been used a sensitizing agent in cerulein-induced chronic pancreatitis. In this model, rats received only two doses of intraperitoneal cerulein during a 15-day treatment with intraperitoneal CsA. Rats treated with cerulein alone recover fully from the acute cerulein pancreatitis, while those co-treated with cyclosporine exhibit chronic pancreatitis with atrophy, mononuclear inflammatory infiltrate, and enhanced collagen deposition (94) . Increases in TGF-β are thought to mediate the effects of cyclosporine by activating pancreatic stellate cells, increasing the production of collagenase inhibitors, and inhibiting matrix degrading proteases. Due to reportedly high rates of toxicity by some investigators, the use of this model has been limited.
Other toxins
Feeding of a choline deficient ethioninesupplemented (CDE) diet induces acute hemorrhagic pancreatitis in mice (26, 60) . The mechanism responsible for CDE-induced pancreatic damage is not known. Long-term administration of the CDE diet intermittently over 24 weeks leads to histological changes consistent with chronic pancreatitis including acinar atrophy, fibrosis, and the development of tubular complexes. Additionally, increased expression of EGFR, SPINK3, and TGF-α, which are all implicated in the pathogenesis from chronic pancreatitis to pancreatic adenocarcinoma were observed in this model. However, even after 54 weeks of CDE feeding, malignant lesions did not form (34) . L-arginine, an essential amino acids, administered intraperitoneally in high doses has been shown to cause severe, necrotizing acute pancreatitis in animal models (55) . The mechanisms responsible for the effects of l-arginine on the pancreas are unknown, though production of reactive oxygen species and direct activation of the immune system have been postulated. Repeated injections of lower doses of l-arginine than cause severe acute disease over several weeks produce necrosis followed by chronic inflammation and fibrosis with impaired glucose tolerance in rats (98, 19) . Unlike most human chronic pancreatitis, fibrotic tissue is replaced by adipose tissue over time, limiting its usefulness as a model of chronic pancreatitis histology.
Intravenous or intraperitoneal injection of dibutyltin dichloride (DBTC), a compound used in the production of polyvinyl chlorides, leads to acute interstitial pancreatitis through direct toxicity on the acinar cell and by causing chronic biliary obstruction through the formation of obstructing plugs in the distal common bile duct (51, 52) . When repeated DBTC injections are administered, rats develop chronic inflammation and fibrosis (53, 85) . However, this model is not highly reproducible, as only one third of animals display histological changes consistent with chronic pancreatitis. The CDE, l-arginine, and DBTC models are limited by the fact that none of these compounds cause pancreatitis in humans, their mechanisms of actions are unknown, and they each produce non-specific, extra-pancreatic injury.
Alcohol
Alcohol is the leading cause of chronic pancreatitis.
However, less than 10% of alcoholics develop chronic pancreatitis (4) . The lack of a homogeneous, dose-dependent effect of alcohol on the exocrine pancreas in humans is reflected in ethanol animal models of pancreatitis.
Ethanol feeding alone does not produce chronic pancreatitis in animal models.
The most informative use of this model has been its use in studies of sensitization to other injurious agents.
The Lieber-DeCarli method of chronic alcohol feeding involves supplementing liquid feeds with 36% ethanol and is useful in overcoming rodents' natural aversion to alcohol (45) . Pancreata from chronically alcohol fed animals appear histologically normal without significant gross inflammation or fibrosis. More intense alcohol feeding by continuous gavage, which produces sustained blood alcohol levels of 250-500 mg/dL, also fails to produce significant histological changes consistent with chronic pancreatitis (90) . Other models of repeated ethanol feeding, including the ethanol agar block feeding model and supplementing drinking water with ethanol, fail to achieve consistently elevated levels of blood ethanol (6, 15) . Therefore, chronic ethanol feeding cannot be used, on its own, as an experimental model of chronic pancreatitis. However, despite the lack of change in histology, chronic ethanol feeding has pronounced biochemical effects, including increased production of fatty acid esters, mitochondrial injury, and pancreatic stellate cell activation. Therefore, the model can still provide insight into the pathogenesis of alcohol induced chronic pancreatitis (44, 71, 102) .
Combining chronic alcohol feeding with other injurious stimuli creates histologic damage and provides a reliable model of chronic pancreatitis. When rats fed the Lieber-DeCarli diet were challenged with repeated high-dose cerulein injections, findings consistent with human alcoholic chronic pancreatitis developed. While animals treated only with cerulein recovered, those sensitized with ethanol developed fibrosis, calcifications, and necrosis. Furthermore, the immune cell profile at each stage of injury was markedly different in ethanol-sensitized rats, compared to cerulein-only controls (21, 68) .
Similar results were seen in a mouse version of the same model (68) .
In another model, rats fed Lieber-DiCarli diets were challenged with LPS. In this model ethanolfed rats, but not rats on the control diet, developed fibrosis and displayed stellate cell activation (95) . This model has direct clinical relevance because alcoholics are known to have increased gut permeability, which encourages higher circulating levels of LPS (7, 87) . The LPS/alcohol model has been used to study the effects of alcohol abstinence on the progression of chronic pancreatitis and has shown that withdrawal of alcohol causes regression of fibrosis and increased pancreatic stellate cell apoptosis (94) . Of the chronic pancreatitis summarized in this review, the combined use of ethanol feeding and LPS appears to have the most relevance to disease etiology encountered in clinical disease. The histologic responses are also very similar to that which develop in human disease ( Figure 5 ).
These alcohol sensitization models conform to the SAPE hypothesis of chronic pancreatitis ( Figure  1) . Even in the presence of important risk factors like heavy alcohol intake, a sentinel inflammatory event, like an episode of acute pancreatitis, is required to activate the immune system and primes the pancreas for chronic inflammation. Then, depending on the presence of continued risk factors that modulate the immune response, fibrosis may develop (99) .
Retrograde Infusion of Toxic Substances
Several models involving the retrograde infusion of toxic substances have been attempted. These models deliver toxins only to the pancreas, unlike the models that require systemic toxin administration described above.
Retrograde infusion of the cytotoxic unsaturated fatty acid, oleic acid, destroys acinar cells and causes acute inflammation (57) .
Because the exocrine pancreatic parenchyma undergoes fatty replacement, rather than fibrosis over time, this model is not ideal for the study of human chronic pancreatitis. Infusion of trinitrobenzene sulfonic acid into the pancreatic duct leads to acute necrotizing pancreatitis at 48 hours and fibrosis, inflammation, and atrophy consistent with chronic pancreatitis at later time points (72) . Retrograde infusion of bile acids provides an attractive model to study acute pancreatitis because gallstone obstruction is a common cause of acute pancreatitis (69) . This method is thought to elicit pancreatitis through direct toxic effects on the acinar cell that is mediated by the bile acid receptor Gpbar1. Chronic pancreatitis caused by obstructive lesions may also be mediated by bile reflux into the pancreatic duct. While retrograde infusion of high doses of sodium taurocholate leads to death of most rats at 72 hours, some of the few survivors display atrophy and fibrosis (3) . Retrograde infusion of lower doses of sodium taurocholate produces milder acute injury, with return to normal histopathology at 14 days (106) . Drawbacks of this model include its technical difficulty and the finding that injury is often localized to the pancreatic head. Images provided by Minoti Apte, University of New South Wales.
Obstructive Models
Obstructive lesions such as tumor, and trauma are rare causes of chronic pancreatitis.
In humans with chronic pancreatitis from any cause, protein plugs form in small pancreatic ducts and pancreatic ductal pressure is elevated (9, 79) . Therefore, obstruction of the pancreatic duct, provides a rational model for the study chronic pancreatitis (Table 3) . One week after dogs and rats undergo ductal ligation, pancreata display ductal dilatation, disorganized acinar cell arrangement, fibrosis with collagen deposition, and inflammatory infiltrate in interstitial spaces (14) . Pancreatic duct ligation in rabbits and dogs also results in significantly impaired glucose tolerance (33) . Pancreatic ductal ligation in the mouse is technically challenging because of the small size of the pancreatic duct. Furthermore, the redundant duct anatomy of the mouse leads to histopathological changes in some, but not all, pancreatic lobes. Edema, increased inflammatory infiltrate, enhanced apoptosis, and acinar cell dropout are seen three days after pancreatic duct ligation (81) . By five days after pancreatic ductal ligation, there few remaining normal acinar cells and abundant proliferation of duct-like cells with fibrosis. Seven days after ligation, metaplastic ducts, which are resistant to apoptosis are observed. Figure 6 demonstrates the early histological changes after pancreatic duct ligation. Several months after pancreatic duct ligation, there is intralobular fatty replacement of the exocrine pancreas (97) .
Partial pancreatic obstruction in dogs can be accomplished by inserting a small plastic tube into the pancreatic duct. This model produces pancreatic acinar atrophy, fibrosis, and inflammation (88). Obstructive chronic pancreatitis has been produced in several different species by complete or partial pancreatic duct ligation or through the induction of pancreatic ductal hypertension. Given that pancreatic duct ligation leads to eventual complete loss of acinar cells, rather than fibrosis, a model that causes pancreatic ductal hypertension without pancreatic ductal obstruction was developed. In this technically challenging model, pancreatic ductal hypertension was induced by implanting pancreatic, biliary, and duodenal cannulas in rats. The free end of the pancreatic duct cannula was then vertically raised to create increased hydrostatic pressure for two weeks (106) . In rats with pancreatic ductal hypertension, there was significant fibrosis with collagen deposition, lymphocytic inflammatory infiltrate, and plug formation in the main pancreatic duct.
Genetic Models
Several transgenic models that are based on known susceptibility genes in humans have been developed (Table 4) . Therefore, these animal models have direct clinical relevance to human disease. The fidelity with which the phenotype of the transgenic animal models human disease varies widely. Table 4 . Genetic models of chronic pancreatitis.
Genetic models of chronic pancreatitis can target genes that are generally expressed or specifically expressed in acinar or duct cells.
CFTR
Cystic fibrosis is a common autosomal recessive disease among Caucasian populations that affects multiple organ systems, including the respiratory tract and gastrointestinal organs. It is caused by mutations in the CFTR gene located on chromosome 7, which encodes a regulated chloride channel.
Most patients with cystic fibrosis develop pancreatic insufficiency. Patients with pancreatic sufficiency are at high risk for chronic pancreatitis (18) . Patients who are not homozygotes or compound heterozygotes for the classical, severe CFTR mutations and, therefore, do not have cystic fibrosis, can express other milder phenotypic variants. Patients who are homozygotes or compound heterozygotes, with at least one allele encoding a mild variant have a 40-80% increased risk of developing chronic pancreatitis (66) 
Several transgenic animal models have been used to study the relationship between CFTR mutations and chronic pancreatitis.
Mice homozygous for the S489X mutation, which encodes a truncated protein, display a phenotype that has many features of human cystic fibrosis (84) . In particular, these mice develop failure to thrive, meconium ileus, and alterations in mucous and serous glands. The mice have modest exocrine insufficiency, with lower trypsin and lipase activity than controls, an abnormally acidic duodenum because of decreased pancreatic bicarbonate secretion, and blunted secretory responses to CCK (20) . CFTR mutant mice develop more severe acute cerulein-induced pancreatitis with a more exuberant inflammatory response and decreased apoptosis than controls (22) . Although these transgenic mice have enhanced expression of pro-inflammatory cytokine genes at baseline, they do not develop chronic pancreatitis.
Death from intestinal obstruction occurs during weaning by 40 days of age in nearly all CFTR -/-mice, limiting the usefulness of this murine model for studying CFTR-related chronic pancreatitis.
In an effort to more closely replicate human disease, a porcine model of cystic fibrosis was developed. CFTR -/-pigs appear normal at birth, but soon develop meconium ileus and failure to thrive (75) . The piglets require surgery to relieve intestinal obstruction from meconium ileus and prevent perforation. They also eventually develop infertility and focal biliary cirrhosis. Porcine CFTR -/-pancreata appeared small, with increased adiposity and inflammation. Centroacinar spaces and ducts were dilated and obstructed by eosinophilic material.
CF pigs also have significantly lower levels of pancreatic amylase, lipase, and trypsin (91) 
Furthermore, increased apoptosis, α-smooth muscle actin, and TGFβ-1 were seen in newborn and fetal CF pigs. These findings suggest of upregulation of fibrotic pathways, providing a superior model for CF-related pancreatic disease (1). Although the CF pig model appears to very closely resemble human disease, the high cost of the animals limits the opportunities for studying this model.
A ferret model of CF has also been developed. Newborn CFTR -/-animals displayed dilated pancreatic ducts with inspissated zymogen secretions.
Seventy-five percent of animals maintained this phenotype during infancy. A small minority of cases developed more severe lesions, including fibrosis and loss of pancreatic parenchyma. Because these animals have high early mortality because of meconium ileus and GI malabsorption, a gut-corrected transgenic CFTRknockout, which expresses CFTR only in the intestines and does not suffer from meconium ileus, was created (86) . Although the latter model is more amenable to study, its use has been limited.
PRSS1
Mutations in cationic trypsinogen are responsible for 80% of cases of hereditary pancreatitis that are not caused by cystic fibrosis. These mutations affect the regulatory regions of trypsinogen, rendering it more vulnerable to inappropriate activation. The R122H missense mutation of the cationic trypsinogen gene (PRSS1) was the first identified mutation responsible for hereditary pancreatitis (100) and is an attractive target for manipulation in mouse models. In one model, transgenic mice with the R122H mutation in murine trypsin 4 targeted to the pancreatic acinar cell were produced. These mice developed inflammation, fibrosis, and acinar cell dedifferentiation. There was activation of acinar cell-specific inflammatory signaling pathways and c-jun-N-terminal kinase, which mediates TNF-α induced cell death (5) . Unfortunately, this model is no longer available. Another model created mice transgenic for human R122H cationic trypsinogen, targeted to the pancreas. These animals had elevated lipase levels, but no spontaneous alterations in pancreatic histology (82) . In both models, cerulein-induced chronic pancreatitis was more severe.
SPINK3
The serine protease inhibitor Kazal type 1 gene (SPINK1) encodes for a protease inhibitor that is upregulated in inflammatory states and safeguards against aberrant intracellular zymogen activation. SPINK mutations are common in humans, though the vast majority of those with even "high risk" mutations do not develop pancreatitis (70) . Deficiency of SPINK3, a homologue of SPINK1, is lethal by two weeks in knockout mice. When acinar cells isolated from neonatal mice were analyzed, enhanced trypsin activation was identified (64) . Embryonic pancreatic specimens revealed autophagic degeneration of acinar cells, which progressed to rapid cell death after birth (65) . SPINK3 heterozygotes have reduced trypsin inhibitor capacity than wild type mice because they express less SPINK3 protein. However, SPINK3 heterozygotes do demonstrate increased susceptibility to cerulein-induced pancreatitis, suggesting that a threshold level of SPINK3 is sufficient to protect against pancreatitis (76) . Although these animals do not manifest spontaneous chronic pancreatitis, the model highlights the important role of SPINK in the maintenance and regeneration of the exocrine pancreas.
Kras
The oncogene Kras is the most common gene mutated in pancreatic ductal adenocarcinoma (PDAC) and is also mutated in about 40% of patients with chronic pancreatitis (47) . Transgenic mice with overexpression of activated Kras in acinar cells demonstrated fibrosis and inflammation that mimicked the histologic findings of human chronic pancreatitis (38) . Elevated levels of Ras activity, in this model, led to the spontaneous development of PDAC, making it an attractive model for the progression from chronic pancreatitis to pancreatic cancer. Inflammatory stimuli that produce transient Ras signaling in wild type animals induced prolonged Ras, NF-κB, and COX-2 activity in mice expressing oncogenic Kras, leading to chronic inflammation and precancerous lesions (17) . Thus, the Kras model likely reflects a mechanism seen in human chronic pancreatitis with respect to chronic inflammation and fibrosis.
Other Genetic Models
Several other genetic models do not have an obvious correlate in human disease, but can be useful in understanding the pathways that lead to chronic pancreatitis.
Acinar cells have an extensive endoplasmic reticulum network with associated chaperones and foldases to manage the production and secretion of digestive enzymes.
Regulatory mechanisms direct misfolded proteins to ER-associated degradation pathways. Stressors such as oxidative damage, overloading the protein folding capacity of the ER, or the presence of mutant proteins lead to ER stress and trigger the unfolded protein response. The unfolded protein response is an important mediator of acinar cell damage in alcohol-induced pancreatitis (48) . The ER sensor, PERK (protein kinase RNA-like ER kinase), responds to ER stress by decreasing overall protein translation while enhancing regulators of redox status and glutathione production. Mice with pancreasspecific PERK knockout develop pancreatic exocrine and endocrine dysfunction rapidly after birth (31) . Acinar cell death in this model occurs through ischemia, which then triggers an inflammatory response consisting of neutrophils and macrophages (36) . This model highlights the importance of the ER stress response in maintaining acinar cell function and may be relevant to the rare human disease WolcottRallison syndrome, which is caused by a mutation in the PERK gene and characterized by early onset diabetes, skeletal dysplasia, and exocrine pancreatic insufficiency.
Defects in primary cilia have been implicated in polycystic kidney disease (PKD).
Pancreatic lesions, especially pancreatic cysts and occasionally chronic pancreatitis, are more common in patients in PKD. To study this disease, a mouse model with pancreas-specific inactivation of Kif3a, which encodes kinesin-2, was developed. Kinesin-2 is a protein that is required for cilia assembly.
The pancreata of these mice display acinoductular metaplasia, fibrosis, eventual pancreatic lipomatosis, and cyst formation (10) . These findings provide a model for the pancreatic diseases associated with PKD and primary ciliary dyskinesia (Kartagener's syndrome).
Another model focuses on the role of the inflammatory cytokine IL-1β.
In this model, transgenic mice that selectively overexpress human IL-1β in the pancreas were studied. These elastase sshIL-1β mice develop acinar cell atrophy, pancreatic ductal dilatation, mixed inflammatory infiltrate, acinar-ductal metaplasia, and fibrosis (49) . The mice were also susceptible to more severe chronic pancreatitis after 20 weeks of cerulein treatment. There was increased expression of tumor necrosis factor-alpha (TNF-α), chemokine (C-X-C motif) ligand 1, stromal cellderived factor 1, transforming growth factor-beta1 (TGF-β1), matrix metallopeptidase 2, 7, and 9, inhibitor of metalloproteinase 1, and cyclooxygenase 2 in the model. Given this profile, IL-1β likely leads acinar cell damage by recruiting and activating inflammatory cells and pancreatic stellate cells.
WBN/Kob rats, initially developed as a model for gastric tumors, also spontaneously develop pancreatic fibrosis and diabetes mellitus (61) . By three months of age, the mice develop focal pancreatic necrosis and inflammation that slowly extends to encompass the entire pancreas. By four months, fibrosis is seen in the exocrine pancreas, with eventual expansion to the endocrine pancreas. The rats become diabetic at 60-90 months. These finding are only seen in sexually mature, male mice, suggesting a role for androgen in the pathogenesis of the pancreatic lesions. A limitation of this model is that exact nature of the genetic alterations responsible for the phenotype of this mouse strain is unknown. Chromosomal mapping identified polymorphisms in three candidate genes, Rac2, Grap2, and Xpnpep3 (56) . Rac2 is a GTPase member of the Rho family, which plays a role in apoptosis, phagocytosis, and cytoskeletal reorganization. Grap2 is an adaptor protein that participates in leukocyte specific protein-tyrosine kinase signaling.
Finally, Xpnpep3, localizes to mitochondria and is involved in ciliary function. Which of these candidate genes is responsible for the pancreatic phenotype of WBN/Kob mice requires further study.
The hedgehog signaling pathway plays a key role in patterning events in normal mammalian development. Indian hedgehog (Ihh), a member of this family, is upregulated in human chronic pancreatitis (41) . To explore the contribution of the Hedgehog pathway in the pathogenesis of chronic pancreatitis, transgenic zebrafish that overexpress Ihh and Sonic hedgehog (Shh) along with green fluorescent protein were developed (39) . Both Ihh and Shh mutants had similar phenotypes.
Neither transgenic zebrafish developed derangements in acinar differentiation, but both developed fibrosis over time with increased expression of matrix metalloproteinase and TGF-β.
Keratins are epithelia-specific intermediate filament proteins involved in pancreatic acinar cell homeostasis. In humans, some studies suggest that mutations in the keratin 8 gene are associated with chronic pancreatitis, (12) but others did not find an association between keratin 8 mutations and chronic pancreatitis (89) . When the human keratin K8 is overexpressed in HK8 transgenic mice, acinar cells display inflammation, fibrosis, dysplasia, and parenchymal replacement by adipose tissue (11) .
The E2F family of DNA-binding transcriptional activators is comprised of six members (E2F1-6) that heterodimerize with the transcription factor DP to regulate the expression of genes involved in cell growth and differentiation. E2F1/E2F2 double deficient (DKO) mice lose acinar cells, develop fibrosis and fat replacement, without significant inflammation after two weeks. The endocrine pancreas also became progressively atrophic. The mice have a shortened lifespan, in part, because of the development of frank diabetes with decreased insulin levels and hyperglycemia and exocrine insufficiency with steatorrhea. These studies suggest that E2F1 and E2F2 play a critical role in the maintenance of pancreatic homeostasis (35) .
IκB kinase α (IΚΚα), a subunit of the IΚΚ complex, regulates the activation of the NF-κΒ transcription factor and is critical for epidermal differentiation, keratinocyte differentiation, and skeletal patterning. Conditional IΚΚα knockout mice, with IΚΚα deficiency in acinar, ductal, and islet cells develop spontaneous and progressive acinar cell damage, fibrosis, and inflammation. Additionally, mice develop endocrine insufficiency. The pathway underlying these defects was shown to be impaired autophagic protein degradation, leading to ER stress and elevated expression of CHOP (C/EBP homologous protein), a proapoptotic transcription factor (46) . Pigment epithelial-derived factor (PEDF) is involved in maintaining a normal extracellular matrix and regulation of intracellular lipid metabolism. At baseline, PEDF-null mice express markers suggestive of pancreatic stellate cell activation, but no changes in acinar cell morphology. However, there is sensitization to cerulein-induced chronic injury. PEDF-knockout animals displayed more pronounced fibrotic changes than wild-type mice with greater weight loss, suggestive of exocrine insufficiency. Surprisingly, the PEDF-deficient mice recovered from fibrotic injury similarly to wild type controls, suggesting the PEDF is not required for the compensatory mechanisms involved in the resolution of pancreatic tissue fibrosis (80) .
Pancreatic duct cell
Cyclooxygenase-2 (COX-2) is a rate-limiting enzyme for the production of prostaglandin, which is a critical mediator of chronic inflammation. Mice with overexpression of COX-2 driven by a BK5 promoter (BK5 mice) have high levels of COX-2 in ductal cells. High prostaglandin levels drive the development of chronic pancreatitis, with histologic features including inflammation, fibrosis, and ductal metaplasia foci.
Older mice spontaneously develop lesions consistent with pancreatic ductal adenocarcinoma (16).
Liver X receptor β (LXRβ) is a nuclear receptor with a key role in cholesterol, triglyceride, and glucose metabolism and is expressed in pancreatic duct epithelial cells. LXRβ null mice display periductal inflammation with increased cell death of ductal epithelial cells.
Additionally, pancreatic cells have enlarged golgi cisternae and the ducts are dilated with markedly dense secretory fluid.
The knockout mice develop pancreatic exocrine insufficiency with weight loss and decreased fat stores. The secretory defect in LXRβ null mice is likely mediated by loss of aquaporin-1, a membrane water channel protein that regulates transcellular fluid transport (24).
Viral Models
Infection with group B coxsackieviruses has been implicated in a number of diseases including acute and chronic pancreatitis, making it a clinically relevant model of disease (74) . This model of pancreatitis involves infection with one of two coxsackie B4 virus strains. The CVB4-P strain produces mild acute pancreatitis, which completely resolves after ten days. The more virulent CVB4-V strain produces more severe, necrotizing acute pancreatitis, followed by a chronic phase of disease characterized by acinarductal metaplasia, an inflammatory infiltrate, fibrosis, and fatty replacement of the pancreas. Microarray data analysis was employed to determine which genes correlated with disease resolution versus progression to chronic disease. In mild, reversible CVB4-P disease, there is enhanced expression of embryonic markers, which are likely involved in pancreatic regeneration. The gene expression map for the chronic CVB4-V model emphasized genes involved in apoptosis and fibrosis. Markers of innate and adaptive immunity also varied in the two models. While the CVB4-P infection is associated with alternatively activated (M2) macrophages and T helper 2 (Th2) cells, the progressive CVB4-V model is characterized by increased expression of classically activated (M1) macrophages and T helper 1 (Th1).
The differences between CVB4-P and CVB4-V infection provide a useful approach to study why some injurious stimuli lead to reversible pancreatic injury in humans, while others progress to chronic pancreatitis (67).
Models of Autoimmune Pancreatitis
Autoimmune pancreatitis (AIP) is a distinct fibroinflammatory pancreatic disorder with two subtypes. Type 1 AIP is associated with elevated serum IgG4 and IgG4 positive lesions in other tissues. Additionally, the pancreas of patients affected by Type 1 is often diffusely enlarged with characteristic lymphoplasmacytic sclerosing histology.
In contrast, Type 2 AIP is not associated with IgG4.
Instead, the exocrine pancreas develops focal granulocyte-epithelial lesions.
Type 2 AIP is associated with inflammatory bowel disease in more that 15% of cases.
MRL-Mp mice spontaneously develop a number of autoimmune diseases including glomerulonephritis, arteritis, and arthritis. Chronic pancreatitis develops in 75% of female MRL-Mp mice at 34-38 weeks with mononuclear inflammatory infiltrate, destruction and fatty replacement of pancreatic acini (42) . The injection of polyinosinic:polycytidylic acid (poly I:C), which is structurally similar to double stranded viral RNA and pro-inflammatory, leads to activation of macrophages, NK and B cells, and increased cytokine production, accelerating and improving the penetrance of disease. All female MRL-Mp mice treated with poly I:C develop chronic pancreatitis with infiltration of CD4 + T cells and activated macrophages by 18 weeks. In this model, the mice do not develop other overt autoimmune conditions (73) .
Interleukin 10-deficient (IL-10KO) mice spontaneously develop colitis and are a widely used model of inflammatory bowel disease. When IL-10KO mice were treated with poly I:C, they develop pancreatitis with a mononuclear inflammatory infiltrate, destruction of acini, fibrosis, and fatty changes (108) . This histology, like that of the MRL-Mp model, resembles that seen with type I AIP. This finding is unexpected because type 2 AIP, and not type 1, is associated with inflammatory bowel disease.
One theory of the pathogenesis of AIP implicates immune responses to microorganisms in the environmental etiology of AIP. To explore this hypothesis, mice were injected with heat-killed E. coli.
Shortly after inoculation, these mice developed acinar inflammatory infiltrate composed mainly of granulocytes and periductal fibrosis. Months after the final inoculation, lesions similar to granulocyte epithelial lesions of type 2 AIP formed. There was also marked, periductal fibrosis and acinar to ductal metaplasia. E. Coli treated mice also had increased serum IgG levels and extra-pancreatic involvement of disease with salivary gland involvement. This model mixes features of type I AIP (extra-pancreatic involvement, elevated IgG) and type 2 AIP (histology) (32) .
A lesser used model immunizes neonatally thymectomized mice with carbonic anhydrase and lactoferrin. These agents were chosen because autoantibodies against carbonic anhydrase II and lactoferrin have been identified in patients with AIP.
These mice developed pancreatic inflammation that was mediated by Th1 CD4+ T cells (92) . Additionally, there was extra-pancreatic involvement with salivary gland inflammation and cholangitis.
Though each of these models employs an autoimmune pathogenic mechanism, none of the models accurately reproduce the constellation of clinical and histological features of either type 1 or type 2 AIP. Therefore, the relevance to human disease is unclear. Another issue complicating this and all murine models of inflammatory disease is the lack of congruence of genomic responses to inflammatory stimuli in humans and mice (83).
Clinical Relevance of Models of Pancreatitis
Selecting the appropriate animal model of chronic pancreatitis depends on the experimental question being investigated. Table 5 summarizes the most relevant features of the various models of chronic pancreatitis. The most widely used animal model of chronic pancreatitis is the repetitive cerulein injection model. This nonsurgical model allows for a relatively technically simple, inexpensive, flexible, and highly reproducible mechanism of replicating the histopathologic findings seen in human pancreatitis. However, given that hyperstimulation is not involved the pathogenesis of human disease, the relevance of the cerulein model with respect to disease initiation is questionable, though it does accurately represent later events in human disease.
The LPS/ethanol model of pancreatitis is a clinically relevant model of the events that lead to alcoholic chronic pancreatitis. It is also unique in its ability to address the durability/reversibility of early disease. However, chronic alcohol feeding of rodents can be challenging. Additionally, it is a rat model and therefore not optimized for genetically modified mice. Another complicating factor in all mice models is that recent studies comparing acute inflammatory responses between mice and humans have shown dramatic differences in cytokine responses between these two species (83) . The types of inflammatory cells and cytokines expressed in animal models of chronic pancreatitis, their levels, and time-dependent are being defined.
Studies to date have been performed in only a few models (67, 75) and underscore the complexity of these responses. It will be a challenge to determine whether these responses, which are likely central to the pathogenesis of chronic pancreatitis, are conserved between species. Another issue with animal models of pancreatitis is that, although they provide an accurate morphohistologic model of pancreatitis, they do not fully address other clinically relevant aspects of human disease, including endocrine and exocrine insufficiency, pain, and increased susceptibility to pancreatic adenocarcinoma.
Exocrine and endocrine insufficiency occur late in the course of chronic pancreatitis. The extent of exocrine insufficiency produced by the cerulein model of chronic pancreatitis is not well characterized. Though, the significant decrease in acinar cell protein content at six weeks may suggest a reduction in exocrine functioning (63) . The cerulein model does not produce endocrine insufficiency on its own.
However, when combined another insult, the cerulein model can result in endocrine insufficiency. In one rat model, the repetitive cerulein injection model is combined with the stress of water immersion (27, 54) . This model results in histologic endocrine cellular damage, hyperglycemia, and decreased insulin levels. The l-arginine model results in exocrine and endocrine insufficiency coinciding with pancreatic atrophy (97) . The WBN/Kob mouse model also produces endocrine insufficiency, with diabetes occurring spontaneously at 60-90 weeks. PERK (-/-) mice have a decrease in endocrine function between four and eight weeks (31, 61) . Both WBN/Kob and PERK (-/-) mice also exhibit exocrine insufficiency. Additionally, the surgical pancreatic duct ligation models produce exocrine and endocrine insufficiency (8, 88) .
Chronic pancreatitis is an important risk factor for the development of pancreatic adenocarcinoma, increasing the risk of cancer tenfold.
The potential for progression from pancreatitis to cancer is not addressed in the most commonly used animal models. Mouse models, in which oncogenic Kras is overexpressed provide a useful, clinically relevant model of the development of pancreatic adenocarcinoma from chronic pancreatitis.
In experimental models utilizing oncogenic Kras, healthy cells are resistant to malignant transformation, while a background of chronic pancreatitis encourages high penetrance of oncogenic Kras with the development of PanINs and PDAC (29, 30) . It is likely that chronic pancreatic injury induces acinar cell proliferation for tissue repair, either by dedifferentiation of mature acinar cells or recruitment of progenitor cells (28) . These cells, which have increased embryonic markers, may be key in the progression from pancreatitis to cancer.
Abdominal pain in acute pancreatitis can be severe, impacts patients' quality of life, and is the most frequent reason for hospitalization (25) . Given that there are no targeted therapies for chronic pancreatitis pain, characterization of pain pathways could be helpful in developing potential therapies. In mice treated with the DBTC model of pancreatitis, pain as measured by behavioral responses to visceral stimuli, was mediated by bradykinin and IL-6 (13, 93) . The trinitrobenzene sulfonic acid infusion model identified nerve growth factor as a mediator of pancreatic nociceptor excitability and pain behaviors in rats (101, 109, 110) .
Conclusion
Animal models provide a reproducible method for examining the pathogenesis of chronic pancreatitis. Repetitive cerulein injection is the most widely used model because it is technically straightforward, reproducible, and flexible. However, while the pancreatic histopathologic findings reproduce those seen in humans with chronic pancreatitis, the relevance of cerulein as a triggering mechanism in the pathogenesis of human disease is questionable. Other models, like the alcohol/LPS model, mechanical injury, genetic, and viral models employ triggers with direct correlates to known risk factors for chronic pancreatitis in humans. Ultimately, the choice of animal model depends upon the hypothesis being tested.
A central concern in unraveling the mechanisms responsible for chronic pancreatitis in humans is understanding how genetic and environmental risk factors interact to initiate and advance disease in some patients but not others. This issue presents a particular challenge in the development of animal models, which must be highly reproducible to be practically useful. Furthermore, no currently available models reproduce all relevant aspects of diseasehistopathology, endocrine/exocrine insufficiency, pain, increased risk of progression to cancer. The development of new models or combining known models in new ways may provide further insight into the complex pathogenesis of chronic pancreatitis. Over-expression of cyclooxygenase-2, the rate-limiting enzyme in prostaglandin synthesis, in pancreatic duct cells. 
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X X Severe (CVB4-P) and mild (CVB4-P) strains. Models of pancreatitis are classified by their mechanism of injury and clinically relevant features.
Autoimmune Models
